We demonstrate the generation of phase-coherent frequency combs in the vacuum utraviolet spectral region. The output from a mode-locked laser is stabilized to a femtosecond enhancement cavity with a gas jet at the intracavity focus. The resulting high-peak power of the intracavity pulse enables efficient highharmonic generation by utilizing the full repetition rate of the laser. Optical-heterodyne-based measurements reveal that the coherent frequency comb structure of the original laser is fully preserved in the highharmonic generation process. These results open the door for precision frequency metrology at extreme ultraviolet wavelengths and permit the efficient generation of phase-coherent high-order harmonics using only a standard laser oscillator without active amplification of single pulses.
We demonstrate the generation of phase-coherent frequency combs in the vacuum utraviolet spectral region. The output from a mode-locked laser is stabilized to a femtosecond enhancement cavity with a gas jet at the intracavity focus. The resulting high-peak power of the intracavity pulse enables efficient highharmonic generation by utilizing the full repetition rate of the laser. Optical-heterodyne-based measurements reveal that the coherent frequency comb structure of the original laser is fully preserved in the highharmonic generation process. These results open the door for precision frequency metrology at extreme ultraviolet wavelengths and permit the efficient generation of phase-coherent high-order harmonics using only a standard laser oscillator without active amplification of single pulses. Recent developments in short-wavelength light sources have been rapid, with significant advances in temporal resolution, spectral coverage, and brightness [1, 2] . A number of approaches have been proposed and/or are under active investigation, ranging from large scale systems such as free-electron laser-based x-ray generation [3] to smaller laboratory-based femtosecond amplifiers for highharmonic generation (HHG) via photo-ionization dynamics, or extreme nonlinear optics [4, 5] . However, the spectral resolution (or the corresponding temporal coherence) of these short-wavelength light sources remains poor in comparison with laser sources in the visible. Furthermore, system complexity and cost have prevented the widespread use of these short-wavelength light sources. In this work we address both issues using a standard femtosecond laser coupled to a completely passive optical cavity. Phase stabilization of a femtosecond optical frequency comb enables such a development.
Femtosecond laser-based optical frequency combs have played a remarkable role in precision measurement and ultrafast science [6] . Phase control of wide-bandwidth optical frequency combs has enabled numerous advances in optical frequency measurement and synthesis [7] , optical atomic clocks [7, 8] , direct frequency comb spectroscopy [9] , coherent pulse synthesis and manipulation [10] , and deterministic studies in subcycle physics [1] . Phase stabilization of femtosecond pulses has also led to a certain degree of control capability in the HHG process, allowing generation of isolated, single attosecond pulses in the extreme ultraviolet (XUV) region [11] . However, the original frequency comb structure is lost due to the reduction of the pulse train repetition rate required to actively amplify single pulses to the energies needed for the HHG process. In this work we utilize phase stabilization of optical frequency combs as the necessary technological base for precise manipulation of femtosecond pulses such that they are coherently added inside a ''femtosecond (fs) enhancement cavity'' (Fig. 1) . The enhanced intracavity field provides the necessary peak intensity for ionization of atoms or molecules for HHG where the liberated photoelectron recollides with the parent ion resulting in coherent light emission. The advances documented in this Letter enable a unification of these research fields, generating a high repetition rate (at the laser's original 100 MHz repetition frequency) and phase-controlled frequency comb in the XUV region, which is shown to maintain a definitive phase relationship with respect to the original comb in the near infrared. The spectral resolution demonstrated here can extend direct frequency comb spectroscopy [9] into the FIG. 1 (color) . Schematic setup of intracavity high-harmonic generation. The incident pulse train is stabilized to a high finesse cavity, enhancing pulse energy nearly 3 orders of magnitude while maintaining a high repetition frequency. A gas target at the cavity focus enables phase-coherent HHG, resulting in a phasestable frequency comb in the vacuum utraviolet (VUV) spectral region. The photo inset shows the actual spatial mode profile of the 3rd harmonic coupled out of the cavity.
week ending 20 MAY 2005 XUV spectral region, advancing capabilities to perform high resolution spectroscopy [12] , precision measurement [13] , and coherent manipulation in the XUV. The inefficiency of the HHG process makes the fs enhancement cavity ideally suited for efficient harmonic generation as the driving pulse is continually ''recycled'' after each pass through the interaction region, leading to a significant improvement in the average power conversion efficiency compared to amplifier-based systems, up to the ratio in repetition rates (100's MHz compared to kHz). In addition, system cost and size are greatly simplified. For successful implementation of this highly efficient approach to HHG, the passive optical cavity needs to demonstrate a number of important characteristics: (i) a high finesse to build up the pulse power, (ii) low round-trip group-delay dispersion to allow ultrashort pulses to be coupled into and stored inside the cavity, and (iii) a robust servo to stabilize the 2 degrees of freedom of the incident pulse train (e.g., optical carrier frequency and repetition frequency) to the corresponding cavity resonance modes. We have been pushing towards these goals for the past several years, investigating direct stabilization of femtosecond lasers to high finesse cavities [14] , dispersion compensation and characterization of mirror coating technology [15] , and the nonlinear response of the cavity to intracavity elements [16] . The previous work resulted in the demonstration of passive-cavity-based ''amplifiers'' in both picosecond [17] and femtosecond [18] regimes by periodically switching out the stored intracavity pulse.
A standard mode-locked femtosecond Ti:Sapphire laser with a repetition frequency (f r ) of 100 MHz, 48 fs pulse duration, and 8 nJ pulse energy is used. The carrierenvelope offset frequency (f 0 ) and f r set the pulse-to-pulse carrier-envelope phase evolution as 2f 0 =f r (Fig. 1) . The pulse train from the laser passes through a prism-based compressor before incident on the passive optical cavity. To couple the pulse train from the modelocked laser into the cavity, both f 0 and f r of the laser are adjusted such that the optical comb components are maximally aligned to a set of resonant cavity modes [15] . For short optical pulses (<100 fs) and high finesse cavities (F > 1; 000), the comb components need to overlap with corresponding narrow cavity resonances across a large spectral bandwidth. The power transmitted through the cavity as the length of the laser is scanned therefore shows a single sharp resonance only when both the laser carrier frequency (average comb position) and spacing (f r ) are optimally aligned [ Fig. 2(a) ] [19] .
To investigate the peak intensity that can be obtained with this method, an empty fs enhancement cavity was initially characterized. The passive optical cavity has a ring geometry formed by six mirrors. All mirrors are high reflectors except the input coupler, which has a transmission of 0.1%, nearly matching the net intracavity loss. The center wavelength of the mirror coating is 800 nm, with a bandwidth of 100 nm within which the net cavity groupdelay dispersion is compensated to <10 fs 2 . However, residual group-delay dispersion in the enhancement cavity causes the cavity free-spectral-range (FSR) frequency to vary as a function of wavelength, limiting the bandwidth of the pulse that can be coupled into the cavity [15] . To measure the average cavity finesse, a ring-down measurement of the cavity field decay is performed across the bandwidth of the laser pulse. The ring-down signal is measured in reflection from the cavity, in the form of an optical heterodyne beat between the leakage field from the cavity and the incident field reflected off of the input coupler [7] . The decay curve gives a cavity field decay time of 8 s for the entire pulse bandwidth [ Fig. 2(b) ], corresponding to an effective finesse of 2500. The ringdown time of a few comb components centered at 800 nm is 9 s, consistent with the predicted cavity finesse of 3000 at the center wavelength of the coating. The average frequency of the laser is locked to the fs enhancement cavity by adjusting the cavity length. A second servo loop, actuated on the group delay inside the laser cavity, keeps the transmission peak maximized by controlling f r [14, 20] . As we will show later, this phase stabilization of the near-IR femtosecond comb directly transfers the resultant phase stability to that of the HHG light. The transmitted spectrum indicates the deleterious effect of the cavity dispersion limiting the intracavity pulse bandwidth [ Fig. 2(c) ]. By measuring the transmitted pulse while adjusting the compressor, it is verified that the minimum compressable pulse duration inside the cavity is 60 fs. The intracavity pulse energy is enhanced up to 4:8 J for these short pulses, approximately a 600-fold increase from the incident pulse energy of 8 nJ. Based on these measurements we estimate a peak intracavity intensity of >3 10 13 W=cm 2 is produced at the intracavity focus. We have verified experimentally that the ionization required in the HHG process does not degrade the effective cavity finesse at the intensities and pressures used here. Noble gas atoms, such as Xe or Kr, as well as N 2 molecules, are introduced at the cavity focus (Fig. 1) . A 25 m beam waist is formed between the curved mirrors (radius of curvature 10 m), where peak intracavity intensities exceed ionization thresholds of Xe and Kr, producing a strong visible plasma [ Fig. 2(d) ]. For optimization of the intracavity intensity, a pulse compressor is adjusted to minimize the intracavity pulse duration by monitoring the relative ionization strength via a pair of electrodes.
To couple the copropagating HHG light out of the cavity without affecting the finesse for the 800 nm comb, a 700 m-thick fused-silica or sapphire plate is placed at Brewster's angle for the IR inside the cavity (Fig. 1) . This additional optical element, while lowering the cavity finesse by <5%, requires a negative group-delay-dispersion coated mirror to compensate for the additional material dispersion. Higher order dispersion in the cavity still increases slightly and the useful bandwidth of the cavity is thus reduced by a small amount. However, it does not produce a noticeable difference in the transmission spectrum shown in Fig. 2(c) . The Fresnel reflection coefficient of the intracavity plate rises towards shorter wavelengths in the XUV, with a maximum reflectivity of 10% between 30 to 80 nm. For the coherent detection of the comb structure of the HHG light at 266 nm (3rd harmonic) discussed later, this intracavity plate is coated to provide a reflectivity of 40% at that wavelength.
The gas target is confined within a thin, hollow brass cylinder, with a 150 m hole to allow the intracavity pulse to pass through (Fig. 1) . The 0.75 mm inner diameter of the tube defines the effective interaction length of the gas target. The typical backing pressure is about 30 Torr, with <1 mTorr of background pressure for the evacuated chamber where the fs enhancement cavity is located. The position of the gas target is adjusted to be slightly after the cavity focus to maximize the HHG light. While Kr atoms and N 2 molecules have both produced HHG light, Xe is used for the data presented throughout this Letter. The diffracted pattern of the HHG light, obtained with a MgF 2 -coated aluminum grating, demonstrates that at least the 7th order harmonic is generated (Fig. 3) . While the low detection efficiency of this system limits the harmonics observed so far, we expect the spectrum should extend well into the XUV spectral region considering recent results on anomalous high-order harmonic generation obtained at similar intensity levels [21] . Similar work in Garching has recently demonstrated HHG up to the 15th harmonic [22] . The average power of the 3rd harmonic light generated inside the cavity reaches nearly 10 W. The corresponding intracavity single-shot efficiency (10 ÿ8 ) is comparable to traditional femtosecond-amplifier-based systems at similar intensity levels. This demonstrates the dramatic increase in high-harmonic power that can be accessed using a high repetition rate (100 MHz). Clearly there is significant potential to further improve this efficiency and produce harmonics far into the XUV simply by increasing the incident pulse energy, easily allowing access to intensities >10
14 W=cm 2 at high repetition rates. A number of attractive oscillators include an extended cavity femtosecond Ti:sapphire laser [23] or Yb-doped yttrium aluminum garnet (Yb:YAG) mode-locked laser that produce pulse energy above 1 J directly from the oscillator [24] . A potential limitation for scaling up the intracavity intensity with this approach is the presence of an observed nonlinear response of the intracavity plate, which has been reported in previous experimental and numerical work [14, 16] . A possible configuration to overcome this limitation is to use a higher order spatial mode of the cavity and couple the generated XUV light out via a small hole (100 m diameter) drilled in the second curved mirror. This separation of HHG light from the fundamental beam via diffraction has already been demonstrated in amplified systems with annular laser beams [25] . This cavity configuration can allow efficient output of all HHG orders and permit scaling up the technique to greater intracavity intensities.
The fs enhancement cavity provides an ideal platform to perform detailed studies of phase coherence of the HHG process. First, the high repetition frequency makes it possible to have a well-separated frequency comb structure that would allow a direct optical heterodyne detection of the comb linewidth. Second, the fs cavity provides ideal spatial filtering for the input fundamental pulses, as well as phase and amplitude stabilization of the input pulses. One strategy to determine the coherence properties of the HHG process is to have a suitable narrow-linewidth continuouswave laser in the XUV region to heterodyne beat against the XUV comb and produce a coherent beat signal, as is normally done for the visible optical frequency comb work. Another strategy is to use two sets of XUV combs and bring them together for coherent interferometry by detecting the heterodyne beat between them. To directly measure any phase or frequency fluctuations in the harmonic generation process, we allow the original comb to drive two independent nonlinear processes, one through the usual perturbative nonlinear optics based on second harmonic and sum frequency generations via two betabarium-borate (BBO) optical crystals and the other through the intracavity HHG process. Two sets of the frequency This type of temporal coherent interferometry of the HHG light opens the door for an exciting and unique set of precision measurements on the HHG process. While the present test relying partially on bound optical nonlinearities is limited to the 3rd harmonic, two independent fs enhancement cavities can be easily implemented and will allow the same type of coherent optical heterodyne measurements to be performed at any harmonic order in the XUV spectral range. This ultrahigh spectral resolution approach will allow precise, phase-sensitive measurements of long and short quantum trajectories [26, 27] associated with freed electrons during the HHG process, as proposed in the 3-step model [4, 5] . A number of physical processes that impact the phase coherence properties of HHG can be studied in detail, including ionization dephasing, intensitydependent phase shifts, the effect of temporal chirp (spectral phase) of the near-IR pulse on the HHG light, etc., In the future, the presence of the frequency comb structure in the VUV and XUV spectral regions will enable similar advances in precision measurement, quantum control, and ultrafast science as have been recently witnessed in the visible region. 
